Introduction {#S0001}
============

The complement system is a component of the innate immunity that provides host defense against pathogens and is also important for the clearance of immune complexes and damaged cells, and for immunoregulation.[@CIT0001] However, excessive complement activation or insufficient regulation causes tissue injury in many autoimmune or inflammatory diseases.[@CIT0002]

The kidney is subjected to significant stress from exogenous factors filtered from the bloodstream (eg, pathogens and toxins). Consequently, renal function is dependent on a finely calibrated immune response, including proper complement activation and regulation, to eliminate pathogens and toxins without producing excess of inflammatory cytokines.[@CIT0003]

A critical determinant in complement- mediated kidney injury is the expression and function of complement regulatory proteins.[@CIT0003] The kidney is normally protected from complement-mediated damage by circulating and membrane-bound regulatory proteins, including: decay-accelerating factor (DAF or CD55), which inhibits complement activation by accelerating the dissociation of all convertases; complement receptor 1 (CR1 or CD35), which has both decay-accelerating and cofactor activity; and CD59, which prevents the formation of complement component C5b-9.[@CIT0004]

Alterations in the expression of CD35, CD55 and CD59 has been observed in a range of disorders with a kidney damage component, highlighting their crucial role in this context.[@CIT0005]--[@CIT0007]

Different sites of defective complement regulation or deficiencies of particular components lead to various manifestations of complement-related chronic kidney disease (CKD) and influence its outcome. Previous work had identified a pathogenic role for the complement cascade in CKD, including autoantibody-mediated forms of glomerulonephritis, C3 glomerulopathy, atypical forms of hemolytic uremic syndrome, ischemic-reperfusion injury of transplanted kidneys, and antibody-mediated renal allograft rejection.[@CIT0008]

CKD is an emerging global public health problem and its complications represent a considerable burden on global healthcare resources and only a few countries have sufficiently robust economies to meet the challenge posed by this disease.[@CIT0009]

This study aimed to determine the expression of complement regulatory proteins (CD35, CD55 and CD59) in CKD patients excluding what had already been identified by other studies to assess if the pathogenesis of CKD is associated with immune dysregulation or not.

Subjects and methods {#S0002}
====================

Study design and subjects {#S0002-S2001}
-------------------------

This was case control study. Sixty patients with CKD were selected from our university hospital between March 2018 and August 2018. The subjects were categorized into the following two groups: Group I (n=30), which consisted of pediatric CKD patients, and Group II (n=30), which consisted of adult CKD patients. Sixty samples were collected from age- and gender-matched apparently healthy individuals, who served as controls.

Inclusion criteria {#S0002-S2002}
------------------

CKD patients were anemic and were selected with the estimated glomerular filtration rate (eGFR) categories G3a--G5 (ie GFR \<60 mL/min/1.73 m^2^), according to the 2012 Kidney Disease Improving Global Outcomes (KDIGO) guidelines for the evaluation and management of CKD. The different pathologies resulting in CKD in pediatric and adult patients are shown in [Table 1](#T0001){ref-type="table"}.Table 1Different pathologies resulting in chronic kidney disease (CKD) in pediatric and adult patientsGroup I (n=30)Group II (n=30)Pathology of CKDCount%Pathology of CKDCount%Bilateral atrophic kidney disease620%Hypertension1136.7%Focal segmental glomerulosclerosis620%Diabetes mellitus930%Obstructive uropathy310%Obstructive uropathy310%Nephrolithiasis310%Membranous nephropathy13.3%Bilateral vesicoureteral reflux26.7%Diabetes mellitus- hypertension13.3%Interstitial nephritis26.7%Advanced glomerulosclerosis13.3%Posterior urethral valve obstruction.26.7%Chronic interstitial nephritis13.3%Bilateral parenchymal renal disease26.7%Polycystic kidney13.3%Combined absent kidney and cystic kidney13.3%Glomerulonephritis13.3%Combined atrophic kidney and multiple stones of the other kidney13.3%Familial mediterranean fever13.3%Alport syndrome13.3%Joubert syndrome13.3%

Exclusion criteria {#S0002-S2003}
------------------

None of the patients had received blood transfusions in the last 3 months before sample collection or had a history of autoimmune diseases \[systemic lupus erythematosus (SLE), rheumatoid arthritis, autoantibody-mediated forms of glomerulonephritis, C3 glomerulopathy and hemolytic uremic syndrome\].

Ethical consideration {#S0002-S2004}
---------------------

The study was conducted according to the guidelines of the World Medical Association Helsinki declaration for studies on human subjects. It was approved by the Institutional Review Board (IRB) of our university hospital (Al-Zahraa Hospital), and written informed consent was obtained from the children's guardians and the adult patients.

Procedures and variable assessments {#S0002-S2005}
-----------------------------------

All studied individuals were subjected to a comprehensive history-taking, and detailed clinical examination including anthropometric measurements with calibrated measuring equipment and the following laboratory investigations.A complete blood count (CBC) was performed with the automated hematology analyzer Sysmex KX 21N (Japan), and biochemical analyses were performed with the Cobas c311 system (Germany) of kidney function parameters and lactate dehydrogenase (LDH) levels, the Cobas e411 system (Germany) of ferritin and the Cobas Integra 400 plus of C-reactive protein (CRP).eGFR was calculated using the EPI formula.[@CIT0010]Flow cytometric analyses were performed for CD35, CD55 and CD59 on erythrocytes as follows:EDTA-treated blood samples were processed within 1 hr of collection. Samples were diluted with phosphate buffered saline (PBS) to reach a concentration of 10,000 red blood cells (RBCs)/µL. Then 50 µL from each dilution was mixed with the following monoclonal antibodies: phycoerythrin (PE)-conjugated anti-human CD55 (Lot NO. 40), fluorescence iso-thiocyanate (FITC)-conjugated anti-human CD59 (Lot NO. 40) and FITC -- conjugated anti-human CD35 (Lot NO.30). All monoclonal antibodies were obtained from Immunotech, Beckman Coulter, Marseille, France. These samples were incubated at room temperature in the dark for 30 mins and then washed twice with PBS. The pellets were suspended in sheath fluid. The optimal concentration for each antibody was determined by titration experiments.[@CIT0011]Gating of RBCs: With the use of logarithmic amplification, RBCs were identified using the forward scatter (FSC)/side scatter (SSC) characteristics as shown in [Figure 1](#F0001){ref-type="fig"}.Flow cytometric analyses of CD35, CD55 and CD59 on leukocytes:EDTA-treated blood was mixed with the following monoclonal antibodies; FITC-conjugated CD35, PE-conjugated CD55 and FITC-conjugated CD59; the samples were incubated for 20 mins in the dark at room temperature. Then, the samples were washed with PBS, incubated with lysing solution for 8 mins in the dark, centrifuged, washed again and suspended in sheath fluid.Gating of white blood cells (WBCs):With the use of linear amplification, different types of WBCs were identified using the FSC/SSC characteristics, as shown in [Figure 2](#F0002){ref-type="fig"}.Figure 1Representative dot plot showing red blood cells (RBCs) distribution and gating by forward scatter/side scatter characteristics. (**A**) Dot plots showing the expression of CD59, CD55 and CD35 on the gated RBCs of healthy controls. (**B**) Dot plots showing the expression of CD59, CD55 and CD35 on the gated RBCs of chronic kidney disease  patients.Figure 2Representative dot plot showing white blood cells (WBCs) distribution and gating by forward scatter/side scatter characteristics. (**A**) Dot plots showing the expression of CD59, CD55 and CD35 on the gated lymphocytes, monocytes and neutrophils of healthy controls. (**B**) Dot plots showing the expression of CD59, CD55 and CD35 on the gated lymphocytes, monocytes and neutrophils of chronic kidney disease  patients.

Flow cytometry was conducted in our university hospital using four-colors FACS Calibur (BD Biosciences, San Jose, USA). Cell Quest Pro software was used for the data analysis. Compensation settings were established before acquiring the samples using color calibrite beads (BD, Biosciences, San Jose, USA, and lot no. 5093879). After adjusting the sample count for acquisition (50,000 events for RBCs and WBCs), unstained samples were acquired to detect the sample autofluorescence. A isotype control, mouse IgG1 FITC/IgG2a PE control (CAT. NO.342409, BD Biosciences, San Jose, USA) was used for the detection of nonspecific binding.

The data of flow cytometry was identified as the proportion (%) of cells expressing the marker, and protein levels as MFI.

Statistical methods {#S0002-S2006}
-------------------

Data were coded and entered in the statistical software package SPSS version 25. Data were summarized using mean, standard deviation, minimum, maximum, median and interquartile range (IQR) for quantitative data and frequencies (counts) and relative frequencies (percentages) for categorical data. Comparisons between quantitative variables were performed with the non-parametric Kruskal-Wallis and Mann-Whitney tests. To compare categorical data, the Chi square (*χ2*) test was performed. Fisher′s exact test was used instead when the expected frequency was less than 5. Correlations between quantitative variables were determined with Spearman′s rank-order correlation. *P*-values less than 0.05 were considered statistically significant.

Results {#S0003}
=======

Sixty patients were split into two groups according to age; Group I (n=30) consisted of pediatric CKD patients, including 18 males and 12 females with an age range of 3--12 years, with a mean age of 9±2.39 years and a median age of 9 years; Group II (n=30) consisted of adult patients, including 18 males and 12 females with an age range of 22--67 years, a mean age of 49.9±12.4 years and a median age of 51.5 years. Patients were stratified by eGFR and disease stage.

Sixty samples were used as controls and were split into two groups: a pediatric control group (n=30), with an age range of 2--12 years, a mean age of 6.7±3.18 years and a median age of 7 years, and an adult control group (n=30), with an age range of 27--66 years, a mean age of 44.67±9.3 years and a median age of 43 years.

Expression of complement regulatory proteins in pediatric patients {#S0003-S2001}
------------------------------------------------------------------

We examined the expression of the three complement regulatory proteins on erythrocytes, neutrophils, lymphocytes and monocytes from pediatric patients and controls (illustrated in [Table 2](#T0002){ref-type="table"},[3](#T0003){ref-type="table"}).Table 2Comparison of all parameters between patients and controlsGroup I (n=30) Median (IQR)Pediatric control (n=30) Mean (IQR)Group II (n=30) Median (IQR)Adult control (n=30) Median (IQR)*P*-valueRBCs% CD5997.6 (96.1--98.8)99.9 (99.8--99.95)98.75 (97.6--99.3)99.8 (99.6--99.9)\<0.001MFI CD5962.5 (50.4 −70.3)63.8 (54.85--65)61.8 (51.8--80.9)66 (59.8--77.8)0.304% CD5598.7 (97.7--99.3)99.7 (99.6--99.8)98.45 (97.5--99.2)99.6 (99.2--99.8)\<0.001MFI CD5564.2 (50.4--74.2)65 (56.05--72.15)63.3 (56.4--69)62.3 (56.2--71.3)0.793% CD355.65 (2.7--7.5)14.5 (9.9--20.35)4.45 (2.3--7.6)23.2 (10--32.3)\<0.001MFI CD3513.45 (12.3--14.7)9.6 (8.95--10.65)14.35 (13--15.5)11 (9.5--12)\<0.001Neutrophils% CD5979.25 (20--98.4)91 (85.75--96)64.5 (50--92)97 (95--99)\<0.001MFI CD5942 (33--52.8)39.85 (32.5--50)31.65 (29--40)45 (42.5--52.4)\<0.001% CD5599.5 (99--99.9)99.8 (99.35--99.9)99.6 (99--99.9)99.8 (99.6--99.9)0.061MFI CD55370.5 (277--575)337 (310.5--433)386 (258--438)388 (316--449)0.911% CD3597.45 (94.7--99)96.4 (90.65--99)97.55 (95--98.9)99 (96.9--99.5)0.133MFI CD3585.3 (67--114)82.65 (53.8--111)120.2 (80--188)110 (69--139)0.024Lymphocytes% CD5929.1 (7.8--48)27.6 (17.5--44.95)20.4 (10--37)53.6 (43.9--64.3)\<0.001MFI CD5930 (24--37.6)31.5 (27--33.9)32.5 (25.4--42)32 (29.4--37)0.514% CD5592.3 (84.3--95.6)91 (88.1--95.95)86.4 (77.7--90.5)88 (82.7--92.2)0.009MFI CD55279.5 (196--313)200 (177--234)193.8 (148--251)172 (160--210.4)0.003% CD3522.15 (14--30.4)18.5 (14.1--25.8)9.8 (8.3--16.7)16.7 (14--24)\<0.001MFI CD3568.5 (59--87)67.5 (57.5--76.35)80.5 (69--101)84.4 (79.2--94)0.002Monocytes% CD5947.75 (28--83)54.5 (35.6--71.1)62.3 (36.5--76)81 (72--86.7)0.004MFI CD5930.5 (26.8--39)36.15 (29.15--39.7)30 (27--35)40 (37--42)0.001% CD5599 (98--99.9)99.75 (98.95--99.95)99 (98--99.2)99 (99--99)0.026MFI CD55719.5 (586--972)607 (487.5--661.5)749 (450--990)548 (443--691)0.124% CD3589.5 (82.6--93)84.4 (81.2--92.15)92 (80--96)93 (88--96)0.025MFI CD35102.5 (66--135)77.2 (49.5--103)135.5 (92--182)130 (93--170)\<0.001[^1] Table 3Comparison of all parameters between pediatric patients and their controls and adult patients and their controls*P*1- value*P*2 -valueRBCs% CD59\<0.001\<0.001MFI CD59NSNS% CD55\<0.0010.001MFI CD55NSNS% CD35\<0.001\<0.001MFI CD35\<0.001\<0.001Neutrophils% CD590.450\<0.001MFI CD591.00\<0.001% CD55NSNSMFI CD55NSNS% CD35NSNSMFI CD350.6700.381Lymphocytes% CD591.00\<0.001MFI CD59NSNS% CD551.001.00MFI CD550.1711.00% CD351.000.019MFI CD351.001.00Monocytes% CD591.000.026MFI CD590.8080.003% CD550.4051.00MFI CD55NSNS% CD351.001.00MFI CD350.5011.00[^2]

The proportion of cells expressing the three complement regulatory proteins varied between the cell types we examined, as did the levels of expression of the proteins (measured by MFI).

There were significantly lower proportion of positive erythrocytes expressing CD35, CD55 and CD59 in pediatric CKD patients than in pediatric control group (*P*\<0.001). By contrast, there was no significant difference in the levels of CD35-, CD55- and CD59-positive neutrophils, lymphocytes and monocytes.

When looking at protein levels, we found that the MFI of CD35 on erythrocytes was significantly higher in pediatric CKD patients than in pediatric control group (*P*\<0.001). The MFI of CD55 on erythrocytes showed a direct correlation with the ferritin level and CRP (r=0.442, *P*=0.014 and r=0.421, *P*=0.021 respectively) and an inverse correlation with the hemoglobin (Hb) concentration and reticulocyte count (r= −0.55, *P*=0.001 and r= −0.51, *P*=0.004, respectively).

Consistent with the proportion of positive cells, there was no significant difference in the MFI of the studied markers on neutrophils, lymphocytes and monocytes between pediatric patients and controls.

The ferritin showed an inverse correlation with the proportion of CD59-positive neutrophils and CD59-positive lymphocytes (r=−0.476, *P*=0.008 and r=−0.450, *P*=0.013 respectively). CRP showed an inverse correlation with the proportion of CD35- and CD59-positive neutrophils, CD59-positive lymphocytes, the MFI of CD35- and CD59- positive neutrophils, the MFI of CD35-positive lymphocytes and the MFI of CD59-positive monocytes (r=−0.407, *P*=0.026, r=−0.427, *P*=0.019, r=−0.372, *P*=0.043, r=−0.372, *P*=0.043, r=−0.367, *P*=0.046, r=−0.401, *P*=0.028 and r=−0.495, *P*=0.005 respectively).

Overall, the findings show an altered expression of the three complement regulatory proteins in pediatric patients on erythrocytes.

Expression of complement regulatory proteins in adult patients {#S0003-S2002}
--------------------------------------------------------------

Next, we assessed the expression of the three complement regulatory proteins in adult patients and adult controls (illustrated in [Table 2](#T0002){ref-type="table"},[3](#T0003){ref-type="table"}).

Similar to the findings from pediatric patients, there were lower proportion of erythrocytes expressing CD35, CD55 and CD59 in adult patients than in adult controls (*P*\<0.001, *P*=0.001 and *P*\<0.001 respectively). In addition, there were lower proportion of CD59-positive neutrophils (*P*\<0.001) and CD35-, CD59-positive lymphocytes (*P*=0.019 and *P*\<0.001, respectively), and CD59-positive monocytes (*P*=0.026) in adult patients than in adult controls.

When looking at protein levels, we observed that the MFI of CD35-positive erythrocytes was significantly higher in adult patients than in the adult control (*P*\<0.001), while CD59-positive neutrophils and monocytes was significantly lower in adult patients than in the adult controls (*P*\<0.001 and *P*=0.003 respectively).

The Hb concentration showed an inverse correlation with the MFI of CD35-positive erythrocytes (r=−0.49, *P*=0.006). The ferritin showed a direct correlation with the proportion of CD35-positive erythrocytes and the MFI of CD59-positive erythrocytes (r=0.544, *P*=0.002 and r=0.499, *P*=0.005 respectively). CRP showed a direct correlation with the MFI of CD59-positive erythrocytes (r=0.369, *P*=0.045).

Overall, the expression of the three complement regulatory proteins was altered in adult patients with CKD in the four cell types analyzed.

Correlation of complement regulatory proteins and disease stage {#S0003-S2003}
---------------------------------------------------------------

The findings so far showed that there was, at least to some extent, a correlation between the expression of the complement regulatory proteins and the presence or absence of the disease. Therefore, we decided to explore whether the expression of the proteins might also correlate with disease severity (as measured by eGFR).

In pediatric patients eGFR directly correlated with the proportion of CD59-positive neutrophils and lymphocytes, CD35-positive lymphocytes and the MFI of CD59 on monocytes (r=0.58, *P*=0.001, r=0.49, *P*=0.005, r=0.49, *P*=0.006 and r=0.43, *P*=0.017, respectively). While there was an inverse correlation between the disease stage and the same parameters (r=−0.63, *P*=0.000, r=−0.49, *P*=0.005, r=−0.48, *P*=0.007 and r=−0.41, *P*=0.024, respectively).

However, there was no significant correlation between the studied markers on erythrocytes and the eGFR or the stage of kidney disease.

When looking at adult patients, we observed an inverse correlation between eGFR and the proportion of CD35- and CD55-positive erythrocytes, and the MFI of CD59 on erythrocytes (r=−0.62, *P*=0.000, r=−0.48, *P*=0.007 and r=−0.45, *P*=0.013, respectively), while the eGFR directly correlated with the proportion of CD59-positive neutrophils and lymphocytes and the MFI of CD59 on monocytes (r=0.42, *P*=0.02, r=0.52, *P*=0.003 and r=0.49, *P*=0.005, respectively).

The stage of the kidney disease showed a direct correlation with the proportion of CD35- and CD55-positive erythrocytes (r=0.68, *P*=0.000 and r=0.39, *P*=0.035, respectively). There was an inverse correlation with CD59-positive neutrophils and lymphocytes, CD35-positive lymphocytes and MFI of CD59 on monocytes (r=−0.52, *P*=0.003, r=−0.64, *P*=0.000, r=−0.52, *P*=0.003 and r=−0.52, *P*=0.003, respectively).

Discussion {#S0004}
==========

In this study, we aimed to determine if the complement dysregulation is associated with CKD and if there is any correlation between complement regulatory proteins and the stage of the kidney disease.

There are few reports about the patterns of expression of complement regulatory proteins in CKD patients, and no single report evaluated the expression of these markers together on different peripheral blood cells in patients with CKD or compare the expression of these markers among different age groups. However, these complement regulatory proteins have been evaluated in other diseases such as SLE and rheumatoid arthritis, that may affect the kidney.

This study showed that the proportion of erythrocytes expressing CD35, CD55 and CD59 was significantly lower in both pediatric and adult CKD patients than in healthy controls. Since all patients were anemic, this may suggest that altered expression of these proteins on erythrocytes of patients with CKD might play a role in the development of anemia.

Anemia is one of the most characteristic manifestations of CKD. The principal cause of the anemia of CKD is a decrease in erythropoietin production. The presence of uremic inhibitors of erythropoiesis, shortened erythrocyte survival, excessive bleeding, and iron deficiency have all been proposed as factors contributing to the anemia of chronic renal failure. In addition, deficiency of complement regulatory proteins may be another factor in anemia of CKD.[@CIT0012]

Al-Faris et al, found that there were increased proportions of CD55- and CD59- deficient erythrocytes among adult CKD patients than in normal healthy controls. So, this may be a factor for the development of anemia.^12^ But this study didn't include patients of different ages nor evaluate the expression of the markers on different leukocytes.

Arora et al, stated that the proportion of positivity and MFIs of CD55 and CD59 on erythrocytes were much higher in diffuse proliferative glomerulonephritis patients, secondary to SLE, than in the control group, while the proportion of positivity and MFI of CD35 were significantly lower in patients than in the control group. This study suggested that the increased intensity of CD55 and CD59 is a protective response against the complement mediated injury in this disease.[@CIT0013] But this study didn't show the expression of these markers on leukocytes, besides, the altered expression of these markers may be attributed to the autoimmune process of the original disease, so in our study we excluded CKD secondary to autoimmune disorders.

When looking at the proportion of positivity of these markers on leukocytes, we found no significant difference between pediatric patients and controls. By contrast, we found a significant decrease in the proportion of positivity of some of the markers between adult patients and controls. The discrepancy between pediatric and adult patients may be related to age or due to the duration of the disease, frequency of dialysis, development of complications or drug therapy. Further studies are needed to study the effect of the previous factors on the studied markers.

Our study showed that the proportion of positive cells expressing some of the three markers decreased as eGFR decreased, this may occur as a protective response against complement mediated lysis. Further studies are required to enroll significant number of cases with leucopenia to discuss the correlation of these markers with the absolute count of different subsets of leukocytes.

Coppo et al, found that CD55 expression on leucocytes in progressive immunoglobulin A nephropathy wasn't correlated with eGFR or progression of the disease but the prediction of progression was increased when they use a specific scoring system consists of CD55 expression on leucocytes mixed with other clinical data and findings of renal biopsy.[@CIT0014]

Taken together, our findings show that there are differences in the patterns of expression of complement regulatory proteins (CD35, CD55 and CD59) on the peripheral blood cells of CKD patients and healthy controls. Some of these differences seem to correlate with the stage of the kidney disease and eGFR, so deeper understanding of the role of these markers in CKD patients is very important for the development of novel therapies based on blood cell involvement in those patients.

Disclosure {#S0005}
==========

The authors report no conflicts of interest in this work.

[^1]: **Abbreviations:** IQR, inter-quartile range; CD, Cluster of differentiation; RBCs, red blood cells; MFI, mean fluorescence intensity.

[^2]: **Abbreviations:** P1- value, *P*-value between Group I and pediatric control; P2- value, *P*-value between Group II and adult control; CD, cluster of differentiation; RBCs, red blood cells; MFI, mean fluorescence intensity; NS, non-significant.
